I. INTRODUCTION
The mature III-V compound growth and process technologies with high uniformity and excellent reproducibility have led to rapid developments in quantum well infrared photodefector ͑QWIP͒ devices. [1] [2] [3] [4] The ability to accurately control the band structure and the spectral response promotes the studies of QWIPs for various advanced applications. In addition to the conventional single-color QWIPs with narrow response bandwidths, multicolor and broadband QWIPs employing complex quantum well ͑QW͒ structures have also emerged in recent years.
2,5-10 Duboz et al. have studied the effect of asymmetric barriers on the performance of GaAs/ AlGaAs QWIPs experimentally. 7 Jiang et al. have reported a high-performance three-stack, three-color InGaAs/ AlGaAs QWIP for the mid, long, and very long wavelength infrared detections. 2 Lee et al. have demonstrated multicolor, broadband QWIPs with multistack QWs, digital graded superlattice barriers, and linear-graded barriers systematically. 9 Touse et al. have reported near-and midinfrared detections using GaAs/ In x Ga 1−x As/ In y Ga 1−y As step QWs recently. 10 A lot of theoretical work have been done to study the physics of intersubband transitions [11] [12] [13] [14] [15] [16] and the electron transport in QWIPs. [17] [18] [19] Recently, Jovanović et al. have proposed a fully quantum mechanical model to estimate current density, responsivity, capture probability, etc. 20 For the intersubband transitions in the QWIPs with asymmetric structures, some theoretical studies have been done based on the single band model which cannot include the coupling effect of the conduction and valence bands. 9, [21] [22] [23] In this article, the intersubband transitions in QWIPs with asymmetric well and barrier structures are analyzed using an eight-band k · p model combined with the envelopefunction Fourier expansion. Both the bound-to-bound ͑B-to-B͒ and bound-to-continuum ͑B-to-C͒ transitions are discussed in detail. The InGaAs/ Al x Ga 1−x As QWIP with linear-graded barriers ͑LGBs͒ for broadband detection and the GaAs/ In x Ga 1−x As/ In y Ga 1−y As QWIP with step QWs are chosen for our study.
II. THEORETICAL METHOD
The total wave function in the eight-band scheme which takes the conduction band, the heavy hole, light hole, and spin-orbit split-off bands into consideration can be expressed as
where F j ͑r͒ is the envelope function, u j ͑r͒ is the periodic part of the Bloch basis functions at the zone center, k t = ͑k x , k y ͒ is the two-dimensional in-plane wave vector, and = ͑x , y͒ is the two-dimensional in-plane space vector. The Bloch basis functions we used are listed below:
where ͉S͘ denotes the s-like conduction band Bloch state and ͉X͘, ͉Y͘, and ͉Z͘ denote the p-like valence band Bloch states.
The envelope function F j ͑r͒ is then expanded to a discrete Fourier series [24] [25] [26] as follows:
m is an integer denoting the order of related expansion term, k z is the wave vector in the QW growth direction, and L = L W + L B is the multiple quantum well ͑MQW͒ structure period, where L W and L B are the well and barrier widths, respectively. Substituting Eq. ͑3͒ into the eight coupled differential equations of
where U͑z͒ is the electronic potential function and H j,j Ј is the eight-band k · p Hamiltonian whose details are listed in the Appendix; then multiplying by m * ͑z͒ and integrating over L, one gets
where the matrix elements H j,j Ј ͑mЈ , m͒ are given by
͑7͒
The electronic potential function U͑z͒ includes the QW potential from the band discontinuity between the well and barrier, the strain-induced potential adjustment, and the potential change by applied bias. The eigenenergies and eigenstates in the QWs can then be obtained by solving the giant algebraic set of coupled equations ͓Eq. ͑6͔͒.
The following probability functions are introduced to determine the conduction band ͑CB͒, heavy hole ͑HH͒, light hole ͑LH͒, and spin-orbit split-off ͑SO͒ band components in each QW state:
͚ m a n,j,m * a n,j,m ,
where n denotes the QW subband index. These probability functions are particularly useful in identifying the dominant character in a particular energy state. The following sum rule should hold:
The momentum matrix element between subbands n and nЈ is
where p is the momentum operator and e v = x e x + y e y + z e z ͑ x 2 + y 2 + z 2 =1͒ is the photon polarization unit vector. Substituting Eqs. ͑1͒ and ͑3͒ into ͑10͒, we obtain
where the first term on the right of Eq. ͑12͒ is the transitions within the same Bloch basis states ͑intraband contribution͒, and the second term is the transitions between ͉S͘ and ͉v͘ ͉͑v͘ = ͉X͘, ͉Y͘, or ͉Z͒͘ states ͑interband contribution͒. With M nn Ј the absorption coefficient between subbands n and nЈ can be calculated by
where f n and f n Ј are the Fermi-Dirac distributions for electrons in respective subbands, ⌫ is the Lorentzian linewidth for the scattering relaxation, k t is the in-plane wave vector, e is the electron charge, 0 is the free-space dielectric constant, n r is the refractive index, and is the photon frequency.
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III. STRUCTURES AND PARAMETERS
The structures to be analyzed are the InGaAs/ Al x Ga 1−x As QWIP with LGBs and the GaAs/ In x Ga 1−x As/ In y Ga 1−y As QWIP with multiple step 18 cm −3 , 4 nm In 0.1 Ga 0.9 As step wells, and 30 nm GaAs barriers. The overall dimensions from the top to the bottom contact layer are assumed to be 1.4 and 1.5 m for the two QWIPs, respectively. The device structures enable us to directly compare our calculated results with the experimental observations reported in Refs. 9 and 10.
In the calculation the CB offset ratio between the In 0.26 Ga 0.74 As well and the AlGaAs barrier is assumed to be 0.75. 27 The CB offset ratios between the In 0.3 Ga 0.7 As and In 0.1 Ga 0.9 As wells and the GaAs barrier are assumed to be 0.8 and 0.45, respectively. 28 Most parameters for the ternary compounds are obtained using a linear interpolation between the parameters of the relevant binary semiconductors listed in Table I except the band gap energy and electron effective mass. All the calculations are based on the material parameters for low temperature. Figure 2 shows the calculated energy dispersions of the conduction subbands E1-E7 as a function of the plane wave vector k t along ͓100͔ and ͓110͔ directions of the In 0.26 Ga 0.74 As/ Al x Ga 1−x As ͑x = 0.018-0.09͒ LGB-MQW under different positive biases. The InGaAs bulk valence band edge is taken as zero energy. The variations of subband dispersions with the wave vector in the QW growth direction ͑k z ͒ are considered in the calculation to account for the relaxation of quantum confinements for the excited states. As a consequence, the higher excited states appear to be minibands. Figure 3 shows the schematic conduction band profiles with subband levels at different applied biases. It can be seen that the excited states move downward gradually while the ground state remains relatively unchangeable with the reduction of the LGB height under increasing positive bias. As a result, the photoexcited electrons by the longer wavelength photons can easily transport through the barriers. At zero bias the lowest four subbands ͑E1-E4͒ are bound states. When 1.0 V bias is applied, the LGB is lowered and E4 becomes an unbound state. When the bias increases to 2.0 V or further, the LGBs are removed completely. Consequently, E3 also becomes unbound and the separations between the ground state E1 and the continuum excited states are decreased, resulting in the shifting of photodetection to longer wavelength. The calculated squared optical transition matrix elements Q TM,nn Ј =2͉M TM,nn Ј ͉ 2 / m 0 of E1 to different excited state transitions along the ͓110͔ k t direction for normal to plane ͑TM͒ polarization under applied biases of 0 and 2.75 V are plotted in Fig. 4 . The results for in-plane polarized ͑TE͒ transitions are not presented here since they are about three to four orders of magnitude smaller than the TM polarized ones. The transition matrix elements for a serial of k z values between m͑2 / L͒ and ͑m +1͒͑2 / L͒, where m is an integer, are computed, respectively, and are then integrated and normalized to obtain an overall outcome. This process is essential for calculating intersubband transitions involving continuum states. It is observed that all the transitions have significant intensities which are maximum at the zone center ͑k t =0͒ and decrease slightly with increasing k t . The E1 → E4, E1 → E5, and E1 → E6 transitions are stronger than the others.
IV. RESULTS AND DISCUSSIONS
The calculated optical absorption coefficient curves as a function of the optical wavelength for the LGB-QWIP at different positive biases are shown in Fig. 5 . The linewidth ⌫ in Eq. ͑13͒ is assumed to be 16 meV in the calculation. At lower biases, i.e., 1.0 and 1.5 V, the absorption spectra in Figs. 5͑a͒ and 5͑b͒ peak at 10.0 and 10.8 m, and the spectral full width at half maximum ͑FWHM͒ ranges are 7.9-12.6 and 8.2-12.8 m, respectively. When the bias increases to 2.0 V, the spectral FWHM broadens to 5.2 m ͑8.6-13.8 m͒ with an absorption peak at 11.5 m, as shown in Fig. 5͑c͒ . When the bias increases further to 2.75 V, the spectral FWHM increases to 7.0 m ͑8.9-15.9 m͒ with an absorption peak at 12.3 m. The ratio of the FWHM to the peak wavelength ͑⌬ / p ͒ is about 56%, as shown in Fig. 5͑d͒ . The broad response spectrum is due to the superposition of comparable E1 → E2-E8 transitions. The E1 → E4, E5, and E6 transitions are relatively intensive. The calculation results clearly indicate that the detectable bandwidth broadens with increasing applied bias and expands to longer wavelength at the same time. The experimental data in Ref. 9 show that the peak of the photodetection spectrum shifted from 10.2 to12.0 m and the spectral FWHM improved from about 4 to 6.3 m when the bias applied on the LGB-QWIP was increased from 1 to 2.75 V. The calculated optical absorption coefficient curves are well consistent with the experimental observations.
It is found that the broken symmetry of the QW with the LGB structure changes the selectivity of intersubband transitions. This is a key reason for the broadband response. In ordinary symmetrical rectangular QWs, the B-to-B transition from the ground state to the bound first excited state is dominant while the B-to-C transitions are very weak.
1 The bias- dependent effects on the simple rectangular structures are relatively small because the symmetry only allows a quadratic electric-field shift. Consequently, the optical absorption spectrum is narrow usually. However, such rule becomes invalid in the asymmetric LGB-MQWs. All the B-to-B and B-to-C transitions of E1 → E2-E7 have considerable rates and some B-to-C transitions are even stronger than the B-to-B E1 → E2 transition. As a consequence, the superposition of all the transitions generates a very broad detection spectrum.
To further justify the validity of our eight-band method for asymmetric QWs, the theoretical analysis on the QWIP with GaAs/ In 0.1 Ga 0.9 As/ In 0.3 Ga 0.7 As multiple step QWs is done. The calculated subband energy dispersions versus k t are plotted in Fig. 6 with the inset of schematic conduction band profile with the subband levels. The lowest five states in the conduction band ͑E1-E5͒ and in the valence band ͑H1-H5͒ are shown in the figure. The edge of bulk valence band of the In 0.3 Ga 0.7 As is taken as the position of zero energy. It is observed that the spin-up and spin-down states of the valence subbands split obviously at finite k t due to the degeneration break resulting from the asymmetric structure. Actually this phenomenon also takes place in the conduction subband states, but the splitting is too small to be observed. It can be seen that the energy at the zone center of the ground state E1 is 1315.8 meV, which is below the In 0.1 Ga 0.9 As step well ͑bound states͒. The energy of E2 is 1429.0 meV which 
V. CONCLUSIONS
In conclusion, the eight-band k · p model is employed to study the intersubband transitions in the QWIP structures with asymmetric well and barrier structures. The results show that in the LGB-QWIPs, the B-to-B and B-to-C transitions studied all have considerable contribution, resulting in a very broad photodetection bandwidth. The detection peak shifts to longer wavelength gradually with the increasing bias and the detected bandwidth broadens. The B-to-C transitions dominate in all cases. Our calculated results are in good agreement with the reported experimental data.
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APPENDIX: EIGHT-BAND K · P HAMILTONIAN
The eight-band k · p Hamiltonian matrix H can be written with H = H k + H s , where H k is the basic k · p part and H s is the strain part. H k is given by where P 0 is the momentum matrix element for the conduction band, and ␥ i ͑i =1,2,3͒ are the modified Luttinger parameters 30 which are expressed as
͑A3͒
and ␥ 3 = ␥ 3 L − 1 2
where ␥ i L ͑i =1,2,3͒ are the usual Luttinger parameter, E g is the material band gap, E P =2m 0 p 2 / ប 2 is the optical matrix parameter, and m e * is the electron effective mass. The strain Hamiltonian H s can be derived by the following substitution because of the same underlying symmetry: 
